Background. Seasonal influenza infection may cause significant morbidity and mortality in transplant recipients. The purpose of this study was to assess the epidemiology of symptomatic influenza infection posttransplant and determine risk factors for severe disease.
Influenza is a major public health problem causing significant morbidity and occasional mortality in the general population, and specifically in certain vulnerable groups such as the elderly or patients with impaired immune systems. The increasing use of immunosuppression as a treatment for a number of diseases has resulted in a growing population of immunosuppressed patients at risk for community-acquired infection. One specific group that is often considered the most immunosuppressed is transplant recipients, either of solid organ transplantation (SOT) or hematopoietic stem cell transplantation (HSCT).
The epidemiology of seasonal influenza in transplant recipients has only been partially defined. Attack rates likely vary due to differences in transplant populations, immunosuppression protocols, exposures, and type and virulence of circulating influenza viruses. Complications of influenza infection appear to be common in both HSCT and SOT populations. In some reports, a relatively high rate of progression to viral pneumonia has been observed, especially in lung transplant recipients and HSCT recipients [1, 2] . Complications including secondary bacterial pneumonia as well as extrapulmonary complications such as myocarditis and myositis have been reported [3] . However, these studies are limited by very small sample sizes, single-center data, and limited virologic analyses.
Neuraminidase inhibitors are used to treat influenza infection in transplant recipients and most experts will start therapy regardless of duration of symptoms. The effectiveness of antiviral therapy in transplant recipients several days after symptom onset remains unclear. The annual influenza vaccine is recommended for use in transplant recipients [4] . However, there are limited data to demonstrate effectiveness of vaccine in this group, and recommendations are primarily based on immunogenicity studies and data extrapolated from the general population. Due to concerns regarding immunogenicity, efficacy, and adverse effects, vaccine uptake by transplant programs and patients is variable and in some reports has been even lower than in the general population [5, 6] .
We performed a multicenter prospective study of influenza in transplant recipients carried out over 5 influenza seasons. The goals of the study were to better define the clinical epidemiology and virologic characteristics of symptomatic influenza infection and to determine factors associated with more severe clinical outcomes such as lower respiratory tract infection (LRTI), mechanical ventilation, and admission to an intensive care unit (ICU).
METHODS

Study Design
This was a multicenter prospective observational study. A total of 20 sites from the United States, Canada, and Spain were included following institutional review board approval at each site. Participating transplant centers were identified through the American Society of Transplantation's Infectious Diseases Community of Practice and the Spanish Network of Research in Infectious Diseases. Site investigators prospectively identified medically attended transplant patients with influenza infection. Inclusion criteria were as follows: (1) pediatric or adult transplant recipient (including both SOT and HSCT); (2) microbiologically confirmed diagnosis of influenza infection via a nasopharyngeal (NP) swab or bronchoalveolar lavage specimen during the 2010-2015 seasons; and (3) provided informed consent (either in-person or surrogate). Patients were followed clinically for a 6-month period from the time of presentation. Detailed clinical information was gathered including baseline demographics, signs and symptoms, radiology, laboratory parameters, clinical outcomes such as LRTI, mechanical ventilation, and ICU admission.
In the subset of patients with influenza A infection, consenting patients had serial NP swabs taken at time of presentation (considered day 0 for the purpose of virologic analyses) and at days 3, 6, 11, 18, and 28 for viral load testing (see Laboratory Methods). The results of testing were not used for clinical purposes.
Study Definitions
The primary outcome was LRTI (pneumonia), which was diagnosed on the basis of abnormal chest imaging plus compatible signs and symptoms of pneumonia as determined by the site investigator, who in each case was a transplant infectious disease specialist. Bacterial coinfection was defined as a positive respiratory culture with abnormal chest imaging. In lung transplant recipients, only patients with no concurrent diagnosis of acute rejection were included in the definition of pneumonia. Other definitions, including cytomegalovirus disease, were based on the American Society of Transplantation's published recommendations that define infectious complications in transplant recipients for use in clinical trials [7] . Oseltamivir dosing was calculated based on the glomerular filtration rate (GFR) as per the product monograph and was labeled high dose or low dose if the dose was higher or lower than recommended for the GFR.
Laboratory Methods
The NP swabs were taken from microbiologically confirmed influenza A virus-infected transplant recipients at presentation (day 0) and days 3, 6, 11, 18, and 28. All NP swabs were stored at -80°C until batch testing as follows. RNA was extracted from NP swabs using the QIAamp Viral RNA Mini Kit (Qiagen). Primers and probe (Integrated DNA Technologies) selected for influenza A quantification consisted of primers FLUAM-1F (5ʹ-AAGACCAATCCTGTCACCTCTGA-3ʹ) and FLUAM-1R (5ʹ-CAA AGCGTCTACGCTGCAGTCC-3ʹ), along with probe FLUA-1P (5ʹ-(FAM)-TTTGTGTTCACGCTCACCGT-(BH-Q1)-3ʹ, which target the highly conserved matrix (M) gene of influenza A. The primers and probe were previously published as part of the World Health Organization's information for molecular diagnosis of influenza virus (available at http:// www.who.int/influenza/gisrs_laboratory/molecular_diag-nosis_influenza_virus_humans_update_201403rev201505. pdf?ua=1). A 1-step quantitative reverse-transcription polymerase chain reaction (qRT-PCR) reaction was performed using the SuperScript III Platinum One-Step qRT-PCR Kit (Invitrogen), as per the manufacturer's instructions. In brief, for each reaction, 200 ng of extracted RNA was mixed with 25 µL 2X reaction mix, 1 µL of SuperScript III RT/Platinum TaqMix, forward and reverse primers at a final concentration of 0.2 µM, fluorogenic probe at a final concentration of 0.1 µM, 1 µL of ROX reference dye, and UltraPure DPEC-treated water (Thermo Fisher) to a final volume of 50 µL. Thermal cycling was done on the Applied Biosystems StepOnePlus system and comprised of a 15-minute RT step at 55°C, a 2-minute initial enzyme activation step at 95°C, and 40 cycles of 95°C for 15 seconds and 60°C for 30 seconds. All reactions were run in triplicate. Quantification of viral load was performed using gBlocks Gene Fragments (Integrated DNA Technologies), which are synthetic oligonucleotides corresponding to the target sequence, prepared at a dynamic range from from 1 to 10 10 copies/mL. The Gblock sequence was as follows: ATGAGCCTTCTAACCGAGGTCG AAACGTATGTTCTCTCTATCGTTCCATCAGGCCCCCT CAAAGCCGAGATCGCGCAGAGACTTGAAGATGTCTTT GCTGGGAAAAACACAGATCTTGAGGCTCTCATGGAA TGGCTAAAGACAAGACCAATCCTGTCACCTCTGACTAA GGGGATTTTAGGGTTTGTGTTCACGCTCACCGTG CCCAGTGAGCGAGGACTGCAGCGTAGACGCT T T GTCCAAAATGCCCTCAATGGGAATGGAGACCCAAA TAACATGGACAAAGCAGTTAAACTGTATAGGAAAC TTAAGAGGGAGATAACGTTCCATGGGGCCAAAGAAA TAGCTCTCAGTTATTCTGCTGGTGCACTTGCC. Samples below the limit of detection (100 copies/mL) were approximated to 50 copies/mL for statistical analysis.
Statistical Analysis
The sample size was based on a previous study of pandemic influenza A(H1N1) in transplant recipients where the incidence of the primary outcome of LRTI was 32% [1] . Using a conservative incidence of 20%-25% LRTI for seasonal influenza, a minimum sample size of 500 patients means between 100 and 125 patients would meet the primary outcome. This number of outcomes allows for sufficient analysis (in a multivariate model) of modifiable risk factors such as vaccination and antiviral therapy with a power of >90%. Demographics were analyzed using descriptive statistics. Factors associated with LRTI were analyzed using χ 2 test for categorical variables and Mann-Whitney U test for continuous variables. Binary logistic regression analysis was done using variables with P < .1 on univariate analysis and used to determine factors independently associated with LRTI. A similar exploratory analysis was done for ICU admission. Viral loads were compared between groups using Mann-Whitney U testing. Viral kinetics, including viral load half-lives, were calculated using methods previously described [8] .
RESULTS
Cohort Description
A total of 616 patients with influenza were enrolled over 5 consecutive influenza seasons (Supplementary Figure 1) . This included 477 solid organ transplant and 139 HSCT recipients. There were 25 pediatric patients in the cohort (17 SOT and 8 HSCT). The majority of patients were adults (589 [95.6%]). Baseline demographic data for the cohort are shown in Table 1 .
The majority of patients were on calcineurin inhibitor-based immunosuppression (cyclosporine or tacrolimus [76.6%]). The median time from transplant to symptom onset was 3.19 years (0.01-40.7 years). Influenza A was identified in 77.7% of patients and the remainder were influenza B (Supplementary Figure 1) .
Presenting Symptoms and Outcomes
The presenting symptoms of patients are shown in Figure 1 . The most common symptoms were cough, fever, and coryza. Of note, fever was absent as a presenting symptom in 36.2%. Evidence of LRTI (pneumonia) was observed in 134 of 606 (22.1%) patients at the time of presentation. In the majority of patients with pneumonia, no bacterial coinfection was found (n = 25 with bacterial coinfection identified) (Supplementary 
Comparison of SOT Versus HSCT
We compared presentation and clinical outcomes between SOT and HSCT recipients. Overall symptoms at presentation were similar between the 2 cohorts ( Figure 1) . No significant differences were noted between SOT and HSCT patients with regard to pneumonia and ICU care. However, HSCT patients had a higher 6-month mortality (13.8% vs 4.8%, P < .001). Viral load at disease onset was also higher in HSCT vs SOT patients (median viral load, 1.04 × 10 5 copies/mL vs 8.04 × 10 3 copies/mL, P = .001) (Supplementary Figure 2) . In the SOT cohort, biopsy-proven rejection in the 3 months prior to influenza infection occurred in 39 of 477 patients. Rejection was not associated with pneumonia (P = .95) or ICU admission (P = .86). There were 116 lung transplant recipients, of which 26 (22.4%) were found to have pneumonia. None of these patients had biopsy-proven rejection at the time of presentation, although 11 of 116 (9.5%) had biopsy-proven rejection in the 3 months prior to developing influenza.
Analysis of Factors Related to Severe Disease
We analyzed factors associated with development of pneumonia ( Table 3 .
We then looked at variables associated with admission to the ICU (Table 4) . Again, both immunization in the current influenza season and initiation of early antiviral therapy were 
Virologic Data
Viral loads were measured for patients with influenza A virus infection who had serial samples collected (n = 258). All of these patients had received antiviral therapy. Median viral load at onset was 1.3 × 10 4 copies/mL (range, below the limit of detection to 6.2 × 10 9 ). With treatment, viral load declined in the majority of patients (Figure 2A ). By day 3, 24% were undetectable and by day 6, 55% were undetectable. Persistent viral detection occurred in 25% at day 11 and 7.1% at day 18. No patient had viral detection by day 28. Viral kinetics analysis Figure 2B ) in most patients. Virologic data were correlated with clinical outcomes and demonstrated a relationship between viral load and disease severity. Higher viral loads and delayed clearance of detectable virus were associated both with the development of pneumonia and admission to the ICU ( Figure 3A and 3B) .
We next analyzed if previously identified clinical correlations were consistent with the virologic data. We found that patients who had been vaccinated in the same year had lower viral loads at onset of disease (7.4 × 10 3 vs 5.6 × 10 4 copies/mL, P = .024; Figure 3C ). No differences in baseline viral load were observed with regard to age, type of immunosuppression, time from transplant, or duration of symptoms (Supplementary Figure 3 ; P > .05 for all comparisons). We did not find a relation between baseline viral load and mortality in the overall cohort (P = .68).
DISCUSSION
We performed a large multicenter, 5-season prospective study in SOT and HSCT recipients of all ages with influenza infection. A broad spectrum of disease was observed, ranging from minimally symptomatic to severe disease requiring ICU admission and mechanical ventilation. Pneumonia was commonly observed (22.1%) and in most cases was not associated with a microbiologically defined bacterial coinfection. Two important clinically actionable findings were observed: (1) The receipt of vaccine in the same influenza season was associated with a decrease in disease severity as determined by several related clinical outcome measures including pneumonia and ICU admission; and (2) early antiviral treatment (within 48 hours) was associated with improved outcomes. The first finding has important prevention and public health implications. Vaccine immunogenicity is known to be suboptimal in transplant recipients and vaccination has not been universally adopted or strongly recommended despite recommendations to the contrary [9, 10] . Although this study was not designed to examine vaccine efficacy, and a subset of vaccinated patients obviously developed influenza, the decrease in severe sequelae is a strong argument for universal vaccination. The findings were consistent across both clinical and virologic parameters and support the concept that even partial immunity offered through vaccination likely results in modification of disease progression in these patients. The second finding related to antiviral therapy suggests that during periods of influenza activity, patients should be counseled to seek early medical attention for symptoms of influenza and should receive empiric therapy while awaiting diagnostic confirmation. Age, vaccination, and early antiviral therapy were significantly associated with the outcomes of pneumonia and ICU admission. Other factors were somewhat different and this may be related to the lower sample of patients who went on to ICU admission. There are limited prospective data on the epidemiology of influenza in transplant patients. The majority of studies are retrospective and/or single season. The 2 previous largest studies were both retrospective analysis of the H1N1 pandemic 2009-2010 influenza season. In the first study, 237 SOT patients with medically attended pandemic H1N1 were reviewed [1] . Pneumonia, ICU admission, ventilation, and death occurred in 32%, 16%, 9%, and 4%, respectively. The early initiation of antiviral therapy (within 48 hours) was found to be associated with a lower risk of severe outcomes. The second study was in HSCT recipients and reviewed 286 patients. Lower respiratory tract disease occurred in 32.5% of patients and risk factors were age and lymphopenia. A total of 11.5% required mechanical ventilation and death occurred in 6.3% of patients [11] . Kmied et al performed a single-center review of influenza cases in HSCT recipients and found that lower respiratory infection occurred in 23% of patients and that early antivirals were beneficial [12] .
There are very limited data on virologic parameters in transplant patients with influenza. Previous studies have generally included very small cohorts of patients [13] [14] [15] [16] . The evaluation of serial viral loads in a large cohort of patients is a unique aspect of this study. We demonstrate that viral clearance occurs by day 6 in approximately 55% of patients and by day 28, no persistent virus was detected. This was consistent with a very short viral load half-life of 0.63 days, reflecting an efficient block in viral replication with neuraminidase inhibition. However, we also observed that high viral loads correlated with severity of disease including development of pneumonia and admission to the ICU. In addition, previous vaccination was associated with an approximately 7.5-fold lower viral load at presentation, consistent with the clinical associations observed.
Influenza vaccination has been evaluated in a number of immunogenicity trials in SOT recipients. These trials have demonstrated vaccine seroprotection and seroconversion rates ranging from 15% to 93% with numerous factors influencing vaccine response, including type of transplant and degree of immunosuppression [17] . Due in part to low rates of seroconversion and perceived lack of potential benefit, vaccine uptake in transplant patients is variable and often reported as quite poor [9, 10, 18] . In addition, there have been no true efficacy studies in transplant recipients that have a primary endpoint of influenza infection, primarily due to sample size limitations. A few small studies previously suggested that vaccination may result in allo-upregulation in SOT recipients with potential deleterious effects on the allograft, but larger prospective studies have shown vaccination to be safe and not associated with de novo development or upregulation of existing anti-HLA antibodies directed against graft antigens [19] . In addition, a recent study found that kidney transplant patients given seasonal influenza vaccine are also able to mount heterologous immune responses (ie, antibodies directed against strains other than the vaccine strain) [20] . Immunogenicity and safety data, in conjunction with the findings of the current study, suggest that an increased emphasis on vaccine compliance in immunocompromised patients would likely have significant patient benefit.
Strengths of our study include the large sample size, recruitment over 5 years, and multiple centers. We also performed sequential NP swabs with quantitative viral loads to get accurate information about viral shedding. Our study had some limitations. First, the design of the study meant that only medically attended cases of influenza were enrolled. This means that mildly symptomatic or asymptomatic cases of influenza were less likely to be included in the study. In addition, vaccination history relied on either documentation in the patient chart or recall by the patient, neither of which may be completely accurate. For this reason, we chose to capture only vaccination history in the same influenza season, as this is likely to be reasonably reliable and accurate. Reduction in immunosuppression during treatment of influenza was up to the treating physician and details of which immunosuppressive drug was reduced were not collected. For viral load assessment, the majority of NP swabs were frozen and thawed. This, as well as differences in sensitivities of the assays used, could account for why only 87% of patients had quantifiable viral loads at day 0 on the assay performed at the central laboratory. Serial viral loads were not available for the subset of patients who did not receive antivirals. We also did not have a large group of pediatric transplant recipients, limiting the conclusions that can be made for this population. Strengths of our study include the large sample size, prospective data collection, and virologic assessment. In addition, the conduct of the study over multiple seasons, across multiple centers in both North America and Europe, and in multiple transplant types means the results are very generalizable among transplant centers and patients.
In summary, we provide the descriptive and molecular epidemiology of seasonal influenza infection in a large cohort of transplant recipients. This study provides important clinical and virologic data related to symptomatology, complications, and response to therapy. In addition, this study provides important evidence that annual influenza vaccination and early initiation of antiviral therapy are associated with improved clinical outcomes in transplant patients.
